Three new heterocyclic dipeptides with a highly functionalized 1,2-oxazadecaline core, named trichodermamides D-F (1-3), together with the known trichodermamides A-C (4-6), were isolated from the broth of the mangrove-derived endophytic fungus Penicillium janthinellum HDN13-309. The structures were elucidated through extensive NMR spectroscopic and physical data. The absolute configurations of compounds 1-3 were determined by ECD calculations and single-crystal X-ray diffraction experiments. The cytoprotective activities were evaluated on different phase II detoxifying enzymes (SOD2, AKR1C1, HO-1 and NQO1), and compounds 4 and 6 showed potent inducing effects at the concentration of 10 mM.
Introduction
The trichodermamides are a family of heterocyclic dipeptides featuring the 1,2-oxazadecaline moiety which is connected to a 4H-chroman-4-one unit via an amide group. As rarely discovered fungal secondary metabolites, only a few analogues, namely, trichodermamides A-C, aspergillazines A-E and dithioaspergillazine A have been reported from Trichoderma sp., 1,2 Eupenicillium sp. 3 and Aspergillus sp. 4 The structural diversity of reported trichodermamides is mainly represented by the variety of substitutions on the cyclohexane ring of the 1,2-oxazadecaline moiety (rings A and B). Although only very limited bioassays have been evaluated, trichodermamide B and dithioaspergillazine A have been reported to show cytotoxicity against the HCT-116 cell line with IC 50 values of 0.7 and 1.3 mM,
respectively.
1,2 Further studies by Jans et al. suggested that trichodermamide B could cause DNA double-strand breaks leading to accumulation of cells in the S phase of the cell cycle and subsequent initiation of apoptosis in HeLa cells. 5 Driven by the structural novelty and potent bioactivity, total synthesis of trichodermamides A-C have been achieved. [6] [7] [8] In our previous research, a serious of cytotoxic gliovirins (penicisulfuranols A-F) have been isolated from an active endophytic fungus Penicillium janthinellum HDN13-309. 9, 10 To obtain enough amounts of these compounds for further bioactive study, P. janthinellum HDN13-309 was re-cultured in a larger scale under the same condition and a series of compounds with UV absorptions different from gliovirins were observed as minor components (Fig. S1 in ESI †) . Continuous exploration led to the isolation of three new dipeptides named trichodermamides D-F (1-3) together with the known trichodermamides A-C (4-6) (Fig. 1) . Among them, compounds 1-3 are the rst trichodermamides with the double bond at C-5/C-6 or two double bonds at both C-3/C-4 and C-5/C-6. Herein, we report the isolation, structure elucidation and bioactivity evaluation of compounds 1-6.
Results and discussion
The fungus P. janthinellum HDN13-309 was re-cultured (100 L) under static conditions at 28 C. 9 The EtOAc extract (47 g) was fractionated by column chromatography and semi-preparative HPLC guided by the UV absorptions, which led to the isolation of compounds 1-6. (Fig. 2) indicated that the major differences between 1 and 4 were the positions of double bond and a hydroxyl group in ring A. The COSY correlations (H-5/H-6/H-7/ H-8/H-9) and the HMBC correlations from H-5 to C-3/C-7/C-9, from H-6 to C-4, from H-3 to C-1/C-2/C-9 and from 4-OH to C-4 conrmed the structure of ring A with the double bond at C-5 and C-6. In addition, the chemical shi of C-7 (d C 67.0) also indicated that the hydroxyl group was located at C-7. Thus the planar structure of compound 1 was established and the D 5, 6 and 7-OH distinguished 1 from other known trichodermamides such as compounds 4-6 (D 6,7 and 5-OH). The relative conguration of 1 was deduced as 4S*, 7R*, 8R*, 9S* on the basis of the NOESY data and coupling constants. The NOESY cross-peaks of H-7/H-8 and the small coupling constant between them (J H-7/H-8 ¼ 4.5 Hz) indicated that H-7 and H-8 were cofacial of the hexane ring (ring A). The NOESY correlation of 4-OH/H-9 and H-3 a /H-8 suggested that 4-OH and H-9 oriented to the other side of the hexane ring (Fig. 3) , which was also agree with the anti-conguration of H-8 and H-9 supported by the large coupling constant (J H-8/H-9 ¼ 10.9 Hz) ( Table  1 ). The absolute conguration of 1 was determined by comparison of the experimental and computed ECD curves.
11-13
The initial MMFF conformational search and subsequent DFT reoptimization at the B3LYP/6-31 + G (d) level of the arbitrarily chosen (4S,7R,8R,9S)-1 provided four major lowest-energy conformers with 49.7%, 33.9%, 7.7% and 7.0% populations, respectively (Table S1 and Fig. S2 in ESI †). The ECD spectrum of each conformer was calculated at the same basis set and the combination results showed well agreement with the experiment one (Fig. 4) , which indicated the 4S, 7R, 8R, 9S absolute conguration of 1.
The chemical molecular of compound 2 was determined as C 20 indicating that the D 5,6 double bond in 1 was saturated in 2. The planar structure was also conrmed by COSY and HMBC correlations (Fig. 2) . With the biosynthetic consideration and evidenced by the NOESY correlations of H-3 a /H-7 ( Fig. 3) as well as the large coupling constants between H-8 and H-9 (10.6 Hz), the relative conguration of 2 was suggested the same to 1. Finally, the absolute conguration of 2 was determined as the same as 1 suggested by the similar ECD curves of them ( and between H-8 and H-9 (10.9 Hz) also suggested the same relative congurations of C-7, C-8 and C-9 as 1 ( Table 1) . The absolute conguration of 3 was also deduced by the X-ray singlecrystal diffraction experiment (Cu Ka radiation (l ¼ 1.54184 A); Flack parameter 0.05(11)) (Fig. 5) . The structures of known trichodermamides A-C (4-6) were identied by comparison of their spectroscopic and physical data ( 1 H and 13 C NMR, MS, optical rotation) with those reported in the literature.
1,3
Inspired by the previously reported chemical transformation from pretrichodermamide A to trichodermamide A under alkali conditions, 14 we investigated whether the trichodermamides isolated from P. janthinellum HDN13-309 were articial products. The fresh CH 3 CN extract of the fermentation product was analyzed by UPLC-UV-MS and compounds 1-6 were all detected (Fig. S3 in ESI †) . It was reported that pretrichodermamide A was stable under neutral and acidic conditions.
14 The pH of the fermentation broth was also supervised and the values ranged from 6.0 to 5.0 during the culturing period. Based on the above data, compounds 1-6 were not considered as articial products.
The cytotoxicity of compounds 1-6 were tested and only 5 was active. Including the reported cytotoxicity of 5 against HCT-116 and HeLa, 1,5 compound 5 also showed activities against K562, HL-60, HO-8910 and MGC803 (adriamycin as positive control) with IC 50 values of 8.0, 1.8, 1.9 and 1.6 mM.
During the process of multiple cellular activities screening, compounds 1, 3, 4 and 6 were further tested cytoprotective activities by inducing the expression of phase II detoxifying enzymes, including superoxide dismutase 2 (SOD2), aldo-keto reductase family 1 member C1 (AKR1C1), heme oxygenase 1 (HO-1) and human NAD(P)H: quinone oxidoreductase 1 (NQO1). These antioxidant enzymes can prevent cells from various injuries of natural environment. In order to evaluate the antioxidant activities of these compounds in HaCaT cell, the cells were treated with these compounds (10 mM) for 12 h and then the total protein was analyzed by western blotting experiment. Interestingly, compounds 4 and 6 signicantly induced the level of AKR1C1, SOD2, while only slightly increased the protein expression of HO-1 and NQO1 in HaCaT cells (Fig. 6 ). Since cytoprotective proteins are induced as an adaptive response to mild oxidative and/or electrophilic stress as a safe guard against excessive ROS-induced cellular damage, compounds 4 and 6 might be able to function as antioxidants to protect cells from ROS damage.
Experimental section

General
Optical rotations were measured with a JASCO P-1020 digital polarimeter. UV spectra were recorded on Beckman DU640 spectrophotometer. IR spectra were obtained with a Nicolet NEXUS 470 spectrophotometer in KBr discs. CD spectra were measured on JASCO J-715 or Chirascan CD spectropolarimeter. NMR spectra were recorded on a JEOL JNMECP 600 and Bruker-400 spectrometers using TMS as an internal standard, with chemical shis recorded as d values. ESIMS was measured on a Micromass Q-TOF Ultima Global GAA076 LC mass spectrometer. HRESIMS was obtained with a Micromass EI-4000 (Autospec-Ultima-TOF). The human chronic myeloblastic leukemia K562 cells, human promyelocytic leukemia HL-60 cells, human cervical carcinoma HeLa cells, and human gastric mucous adenocarcinoma MGC803 cells were obtained from Shanghai Cell Bank, Chinese Academy of Science. Human ovarian cancer HO-8910 cells were provided by the American Type Culture Collection. The phase II detoxifying enzymes including SOD2, AKR1C1, HO-1 and NQO1 were obtained from Cell Signaling Technology.
Strains and culture conditions
The fungal strain HDN13-309 (GenBank accession number KM659023) was isolated from the root of mangrove plant Sonneratia caseolaris aer disinfection, and was identied as Penicillium janthinellum by ITS sequence. A voucher specimen is deposited in our laboratory at À20 C. The working strain was prepared on potato dextrose agar slants and stored at 4 C. The fungus P. janthinellum HDN13-309 was cultured for four weeks under static conditions at 28 C in 1000 mL Erlenmeyer asks containing 300 mL liquid medium containing maltose (2%), mannitol (2%), glucose (1%), sodium glutamate (1%), yeast extract (0.3%), corn syrup (0.1%), KH 2 PO 4 (0.05%) and MgSO 4 $7H 2 O (0.03%) dissolved in naturally collected seawater (Huiquan Bay, Yellow Sea, Qiangdao, China).
Purication
The crude extract was applied to a silica gel (300-400 mesh) column and was separated into six fractions (fraction 1 to fraction 7) with a step gradient elution of MeOH-CH 2 Cl 2 . Among these, fraction 4 was puried by Sephadex LH20 and further separated by semipreparative HPLC (15 : 85 CH 3 CN-H 2 O, 4 mL min À1 ) to obtain compound 4 (6.5 mg, t R 22 min). 
Computation section
Conformational searches were run by employing the "systematic" procedure implemented in Spartan'14 (ref. 18) using MMFF (Merck molecular force eld). All MMFF minima were reoptimized with DFT calculations at the B3LYP/6-31+G(d) level using the Gaussian09 program. 19 The geometry was optimized starting from various initial conformations, with vibrational frequency calculations conrming the presence of minima. Time-dependent DFT calculations were performed on four lowest-energy conformations for (4S,7R,8R,9S)-1 (>5% population) using 20 excited states, and using a polarizable continuum model (PCM) for MeOH. ECD spectra were generated using the program SpecDis 20 by applying a Gaussian band shape with 0.28 eV width for 1, from dipole length rotational strengths. The dipole velocity forms yielded negligible differences. The spectra of the conformers were combined using Boltzmann weighting, with the lowest-energy conformations accounting for about 98% of the weights. The calculated spectra were shied by 5 nm to facilitate comparison to the experimental data.
Bioassays
Cytotoxic activities of 1-6 were evaluated against six human tumor cell lines, including K562 (human chronic myeloblastic leukemia), HL-60 (human promyelocytic leukemia cells), HeLa (human cervical carcinoma cell line), HO-8910 (human ovarian cancer cell line) and MGC803 (human gastric cancer cell line), using the SRB and MTT methods. 21, 22 Adriamycin was used as the positive control.
The expression phase II metabolic enzymes were detected by western blot analysis. HaCaT cells were treated with compounds (10 mM) for 12 h. 23, 24 Cells were harvested and lysed with cell lysis buffer, enriched with a complete protease inhibitor, PMSF, and then incubated on ice for 30 min with regular vortexing before centrifuging at 12 000 rpm at 4 C for 15 min. Protein concentration was determined by using BCA kit. The protein samples were boiled in 5Â SDS sample buffer for 5 min and were resolved on a 10% SDS polyacrylamide gel. Aer electrophoresis, proteins were transferred onto polyvinyl diuoride (PVDF) membrane, which was blocked with 5% nonfat dry milk in 1Â TBST (Tris-buffered saline with 0.1% Tween-20) and incubated with primary antibody at the appropriate nal concentration followed by hybridization with horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (1 : 5000) followed by ECL detection. For each step, the membrane was washed with 1Â TBST buffer three times for 10 min each.
Conclusions
In summary, six heterocyclic dipeptides (1-6) were isolated from the mangrove endophytic fungus P. janthinellum HDN13-309. Trichodermamides D-F (1-3) are new ones possessing a rare 1,2-oxazadecaline moiety with the different replacement of the double bond from the known ones. The noncytotoxic compounds 4 and 6 exhibited signicant cytoprotective activities which might be able to function as antioxidants.
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